Introduction
Steel is a widely employed material in most industries for its low cost, availability, and resistance to corrosion. In abiotic conditions, when steel sample is exposed to water, iron dissolves as Fe 2ϩ leaving electrons on metal surface. Water is dissociated to produce protons which are later reduced to hydrogen by these electrons. In the absence of oxygen, little corrosion proceeds, because cathode is polarized with the hydrogen remaining on the surface. However, microbial colonization of metal surfaces and formation of biofilms affects electrochemical characteristics of metal surfaces. [1] [2] [3] Acceleration of either the anodic or cathodic reaction by microbiological activities is called as microbiologically influenced corrosion, microbial corrosion or biocorrosion.
Biocorrosion of metal pipelines and equipments during oil extraction, transportation, and storage processes is frequently linked to the presence of sulfate reducing bacteria (SRB). 4) SRB are anaerobic microorganisms which carry out dissimilatory reduction of sulfate to obtain energy, resulting in the release of a great quantity of H 2 S gas. Considerable work has centered on the role of SRB in the corrosion process. [5] [6] [7] Suggested mechanisms of SRB-induced corrosion are cathodic depolarization, accumulation of corrosive bacterial metabolites like hydrogen sulfide and corrosion products like iron sulfides within the biofilm, etc. [8] [9] [10] The activity of SRB causes pitting corrosion of metal equipment, plugging of injection wells by corrosion products and biofilms. Detection and control of microbial activity in an oil field should be taken into consideration since the cost of equipment replacement, shut down times of wells and well treatments with bacterial corrosion inhibitors can be very high. Bacterial corrosion inhibitors include a large variety of chemicals. Some organic biocides like quaternary ammonium compounds (QUATs), polyamines and alkyl substituted amines act as both corrosion inhibitors and biocides. They adsorb to the metal surface forming a protective film and they are toxic to many microorganisms. Other biocides inhibit corrosion only by inhibiting growth of bacteria. Oxidizing (chlorine, hypochlorite, peroxide etc.) and non oxidizing biocides (glutaraldehyde, formaldehyde, QUATs etc.) can be used in combination to optimize corrosion control and cost in selected system. [11] [12] [13] As well as detection and prevention of biocorrosion, isolation of different types of bacteria and investigation of their corrosion effect are subjects of intense research activity today. In this study the effect of anaerobic Desulfotomaculum sp. isolated from oil production field, on the corrosion rate of low alloy steel, which is used widely for petroleum industry and transportation was investigated. Efficacy of two biocides; formaldehyde and glutaraldehyde against Desulfotomaculum sp. was evaluated by cell counts and by mass loss measurements.
Experimental

Microorganism Source and Culture Conditions
The SRB strain used for the study was isolated from oilwater mixture taken from production well in Batman, Turkey. Water phase (5 mL) of collected samples were transferred with sterile syringe into 50 mL of Medium 63a in N 2 sparged butyl rubber stopped, aluminum sealed 100 mL penicillin bottles. The bottles were incubated at 30Ϯ1°C for 10 d. SRB cultures were enriched by the peri-
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odic subculturing of samples in the same medium. O 10 mL. Solution A was boiled for few minutes and cooled under N 2 atmosphere. Solution B and C were added and pH was adjusted to 7.0 with 0.1 M NaOH. 14) After successive serial dilutions in liquid medium, samples were streaked on agar plates inside an anoxic chamber (Labconco Protector Glove Box). Then, plates were transferred to anaerobic jar (Oxoid HP 0011A) including gas generating kit. After 1 week incubation at 30Ϯ1°C, a colony was picked up with syringe and was passed to liquid medium. After a second purification step on agar, pure culture was obtained. Characteristic black coloration due to iron sulfide production by sulfate reducing bacteria is observed in the medium.
Cell growth was detected from microscopic counts which were performed on Petroff-Housser chamber. Culture was inspected for aerobic contaminants using the spread plate technique on nutrient agar. Stock culture was maintained in the medium under nitrogen atmosphere at 4°C.
Physiological Studies
For the determination of the variety of substrates utilized by selected strain, the medium lacking carbon source was prepared. Sterile stock solutions of the following carbon sources: acetate, benzoate, butyrate, formate, fumarate, lactate, malate, propionate, pyruvate, succinate, fructose, glucose, ethanol, was added to medium at 10 mM final concentration as previously described. [15] [16] [17] [18] [19] [20] Cell growth was identified as positive with blackening of the media in three successive subcultures. Salt requirement of isolate was determined in Medium 63a supplemented with various concentrations of NaCl.
Microscopic Characterization
Light microscope (Olympus) was used to visualize the Gram reaction, motility and presence of sporulation. The morphology, average widths and lengths of cells were determined using scanning electron microscopy (SEM).
Twenty-four hours grown cells were fixed for 3 h in 2.5 % glutaraldehyde. Then, cells were centrifuged at 4 000 g for 15 min at 4°C. Supernatant was removed and the pellet was resuspended in 1 mL of distilled water. The cells were washed two more times with distilled water. This was followed by dehydration in a graded series of ethanol. Cells were then passed to amyl acetate. 21) The sample was next critical-point dried with CO 2 (Polaron, CPD 7501) and coated with gold (Polaron SC 502 sputter coater) for SEM examination. Scanning electron micrographs of microbial culture were taken at 15 kV with Jeol JSM 6060.
Surface Analysis of Steel Coupons Exposed to Microorganisms
The steel sample used in the study was provided from oil production facility. Composition of the steel is shown in Table 1 .
Steel coupons, cut from raw material, were polished with 1200 grit emery paper, rinsed with bidistilled water. They were degreased with acetone and dried. Test coupons were placed in N 2 flushed bottles and sterilized by autoclaving. After that, 10 mL sterile medium was added and medium was inoculated with 24 h grown culture with an initial concentration of 10 7 cell/mL. At the end of 1 month incubation period at 30Ϯ1°C, bottles were opened. For surface analysis, sterile and bacteria containing coupons examined with scanning electron microscope (SEM). In order to fix the SRB biofilm to the surface, coupon was immersed for overnight in a 2.5 % glutaraldehyde solution. Coupon was prepared as indicated in section 2.3. for SEM examination. Energy dispersive X-ray spectra (EDS) were obtained on IXRF-EDS 2000 Microanalysis system on Jeol JSM 5600 SEM.
Corrosion Rate Determination Using Mass Loss
Measurements Coupons were prepared as described in Sec. 2.4. Before the corrosion tests, total areas and initial mass of them were determined. At the end of 1 month incubation period coupons were taken out. Cells and black corrosion products on the coupons were scraped (kept for cell counts). Steel coupons were polished with emery paper, rinsed with bidistilled water. They were dried and final mass of them were determined. Each experiment was carried out in triplicate and average of the three values was taken.
In our study the value of corrosion rate for mass loss measurements was calculated from the following equation 22) ; where, V : corrosion rate (mg · cm Ϫ2 · h Ϫ1 ) m 1 : mass of the specimen before the corrosion (mg) m 2 : mass of the specimen after the corrosion (mg) S : total area of specimen (cm 2 ) t : exposure time (h)
Biocide Application
The influences of various concentrations of biocides on pure culture's growth and corrosion rate were determined. Formaldehyde (37%) and glutaraldehyde (25%) were used as biocides in the experiments. Biocides were obtained from Sigma and diluted with sterile bidistilled water. To determine inhibitory biocide concentration Medium 63a was prepared with 2.5, 5, 10, 20, 40, 50, 75, 100 mg L Ϫ1 of the biocides. Then medium was inoculated with appropriate volume of 24 h grown bacterial culture to achieve an initial concentration of 10 7 cell/mL. After one week incubation period, inhibitor concentration was determined from blackening of culture bottles.
To determine effects of biocides on corrosion rates and bacterial growth, medium 63a was prepared with the test coupons at initial formaldehyde (FA) concentrations ranging from 100, 200, 400 mg L Ϫ1 and at initial glutaraldehyde (GA) concentrations from 200, 400, 600 mg L
Ϫ1
. Then medium was inoculated as described above. In addition, one control bottle containing coupon and sterile medium without inoculation of culture and the other control bottles containing coupons, sterile medium and various concentrations of biocides were prepared to determine the effects of the culture medium and biocides in the corrosion process. At the end of 1 month incubation period, value of corrosion was calculated from mass loss measurements. Cells on the coupons were scraped into medium. Culture samples were taken with sterile syringe and bacterial counts were performed. Results were obtained in triplicate and average of the three values was taken.
Results
Isolation and Characterization
Anaerobic SRB strain named as B5 was isolated from crude oil-water mixture in Medium 63a with sulfate as electron acceptor. Strain B5 used the following compounds as carbon sources in the presence of sulfate: butyrate, fructose, formate, fumarate, lactate, malate, propionate, pyruvate, succinate. Isolate is spore forming, motile and gram negative. It grew optimally in medium without NaCl at 30-32°C and pH 6.8-7.2. Strain B5 cells were curved rods, 0.91ϫ2.22 mm in average size (Fig. 1) . The isolate B5 was classified as a Desulfotomaculum sp. on the basis of spore formation, general physiological and morphological characteristics.
Surface Analysis of Coupons
SEM micrographs of steel coupon surfaces exposed to culture medium without Desulfotomaculum sp. and with Desulfotomaculum sp., for 1 month are seen in Figs. 2(a) and 2(b), respectively. Scratches on the surface of sterile coupon are formed due to grinding of coupon with emery paper (Fig. 2(a) ). When the coupons incubated with Desulfotomaculum sp., were cleaned, large craters and pits due to corrosion of metal coupon were observed (Fig. 2(b) ).
Surface images of steel coupon immersed in culture medium with Desulfotomaculum sp., for 1 month revealed the presence of corrosion products, cells and exopolysaccharide fibers distributed over coupon (Figs. 3(a), 3(b) ). EDS analysis of corrosion products on coupons exposed to medium with Desulfotomaculum sp. were illustrated in Fig.  3(c) . EDS Spectrum analyses of corrosion products on coupon surface revealed extensively large S and P peaks, besides Fe peak.
Mass Loss Measurements
Corrosion rates of steel coupons exposed to culture medium without bacteria and with Desulfotomaculum sp. calculated from the equation indicated in Sec. 2.1 are shown in Table 2 .
As can be seen from Table 2 , corrosion rates at the end of 1 month incubation period are approximately four times higher with Desulfotomaculum sp. containing medium compared to sterile medium. Desulfotomaculum sp. causes an increase of corrosion rates extensively.
Biocide Evaluation
After inoculation of culture bottles with bacteria and various concentrations of biocides, formation of black FeS precipitates were followed. Results are given on Table 3 . At low concentrations (2.5-40 ppm for FA, 2.5-50 ppm for GA) biocides did not inhibited growth of bacteria. Minimum concentrations of formaldehyde and glutaraldehyde to inhibit growth of planktonic population of Desulfotomaculum sp., were determined as 50 and 100 ppm, respectively. For corrosion tests, higher initial biocide concentrations were chosen, because low concentrations were not sufficient to prevent growth of bacteria in steel coupon containing medium (Table 4) . When there is no biocide applied, the growth rates in steel coupon containing medium is higher than no coupon containing medium ( Table 5) . Table  6 shows the effect of formaldehyde and glutaraldehyde on growth and corrosion rates of Desulfotomaculum sp. As it can be seen from Table 6 , percent increase in cell numbers and corrosion rates decrease with increasing biocide concentrations. In this study, to inhibit growth and corrosion completely minimum formaldehyde and glutaraldehyde concentrations were determined as 200 ppm and 600 ppm, respectively. Control coupons prepared with culture medium and different concentrations of biocides showed no or negligible corrosion. In this study formaldehyde is more effective than glutaraldehyde as corrosion inhibitor and biocide.
Discussion
In this study it is observed that Desulfotomaculum sp., isolated from the crude oil production well, deteriorates steel surface and induces an increment in the corrosion rate of low alloy steel. The examination of corrosion products with EDS analysis gives an explanation to biocorrosion mechanism exerted by Desulfotomaculum sp. Extremely increased S and P peaks probably indicate that the deposits on the surface contain microbial corrosion products FeS and iron phosphides. FeS decreases hydrogen overpotential and cause cathodic depolarization. 9, 10) Iron phosphides formed by the reaction of iron with highly active volatile phosphorus compound. According to Iverson and Olson a volatile phosphorus compound is produced by SRB activity or by reaction of hydrogen sulfide with inorganic phosphorus compounds in the environment. 23) When protective FeS layer does not form or break down, volatile phosphorus compound acts on steel surface and causes corrosion of iron. The presence of large phosphate peaks in our EDS spectra results indicates the role of volatile phosphorus compounds in addition to sulfides on corrosion reactions.
In this study corrosion inhibition was achieved with application of two biocides. Low concentrations of biocides which inhibited growth of planktonic population of Desulfotomaculum sp., were not effective in coupon containing medium. This is because of high growth rates and formation of biofilm in steel coupon containing medium. In fact, growth rates of Desulfotomaculum sp. were approximately two times higher in steel coupon containing medium, then the medium without coupon. The formation of thick biofilm layer on steel coupons prevents the penetration of biocides and protects the cells in the inner parts of biofilm against the effects of biocides. Although bacterial isolate, types of biocides and duration of incubation affect results of treatment, biocides in general are more efficient on planktonic populations than sessile ones. [24] [25] [26] Gardner and Stewart 27) measured sulfide production levels to evaluate the efficacy of biocide treatments. They demonstrated that, 50 ppm dose of glutaraldehyde suppressed sulfide production for 143 h in planktonic cells, whereas a higher dose of GA in a biofilm reactor had less effect. Hernandez et al. 28) applied relatively high biocide concentration (200 ppm GA) to eliminate both of the sessile and planktonic microorganisms and decrease corrosion rates of steel.
In this study formaldehyde was found to be more successful in controlling the growth of Desulfotomaculum sp. and corrosion rates. However applied FA or GA concentration in order to inhibit growth and corrosion completely was comparatively higher than previous studies. Environmental and economical concerns force us to restrict amount of applied biocides. 13) Recommended dosage for biocides FA and GA employed in oil fields and industrial water systems are lower than 100 ppm. 11, 13) In this study, it is acceptable to lower FA amount to 100 ppm, because at this concentration obtained corrosion rate was as low as that of sterile medium.
Conclusions
(1) Desulfotomaculum sp. isolated from oil field caused corrosion of steel sample used in the oil production facility. Iron sulfides and iron phosphides are thought to be involved in Desulfotomaculum sp. induced corrosion process.
(2) Isolated strain was more susceptible to biocide formaldehyde than glutaraldehyde. Further research is needed to determine convenience of this concentration in oil field application.
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